The structure and properties of a 1.791 molal aqueous LiF solution is investigated by performing molecular dynamics simulations using a water model with both bond flexibility and instantaneously responsive polarization. On average, each cation is in close contact with about one anion. This causes a strong overlap of the hydration shells and an almost complete breakdown of the surround ing water structure. While the lone pairs of the hydration waters in the first Li+ shell occupy preferentially tetrahedral positions, the orientational distribution of the solvent molecules around F~ is quite uniform. By comparing various autocorrelation functions of water molecules in the solution and in the pure liquid, the influence of solvated ions on the translational, rotational and vibrational motions of hydration water can be studied.
Introduction
During recent years a considerable number of com puter simulations using various water models have been devoted to basic studies of the structure and properties of aqueous electrolyte solutions containing individual alkali or halide ions [1] [2] [3] [4] [5] [6] [7] or ion pairs [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] , These studies are of fundamental interest, since hydration of ions would be expected to perturb the local structure of liquid water, affect the transport characteristics of the ions [25, 26] and change the ionic permeability through organized structures such as biological membranes [27] , Generally speaking, these simultions have been found to be in reasonable agree ment with experimental data, and, furthermore, they seem to be capable of predicting features that are not directly accessible through experimentation.
It is known that the hydrogen bond gives rise to a comparatively strong and directional intermolecular interaction. Consequently, the geometry and vibra tional properties of a molecule participating in such a bond must be different from those in the gas phase. In fact, significant changes in the frequencies of the vibra tional motions between nonbonded and bonded water molecules can be observed [23] , Structural and other microscopic properties of ions and water molecules in the hydration shell are influenced by these intramolec ular properties [6] . The polarization effect must also Reprint requests to Dr. G. W. Robinson, Subpicosecond and Quantum Radiation Laboratory, P.O. Box 4260, Texas Tech University, Lubbock, TX 79407, USA.
play an essential role in the hydration of electrolytes [4, [28] [29] [30] [31] . Thus, we believe that a flexible-polarizable model of water should give additional information about aqueous ionic solutions that is not available when using other water models.
In this article, we extend our previous studies on flexible and polarizable water [32] by the inclusion of lithium fluoride molecules. Lithium fluoride is small in size and mass, and is relatively insoluble (~0.1 molal) in room temperature water [33] . Previous computer simulations of this solution are mostly based on Monte Carlo methods [8, 10, 21] . Here we perform a standard NVE molecular dynamics calculation so that not only the solution structure but also a variety of relaxation processes can be investigated.
Molecular Dynamics System
A standard molecular dynamics simulation with periodic boundary conditions is carried out on a CRAY-YMP supercomputer for a system of eight 7Li ions, eight 19F ions, and 248 water molecules. This represents a highly supersaturated LiF solution hav ing a molality of 1.791. The length of one side of the basic cubic cell is 19.73 Ä, corresponding to a density of the solution of 1.011 g/cm3. The temperature of the system is maintained at 298 K.
In this work, we employ the SPC-FP model [32] to mimic water molecules. Fhis is a 3-site version with one hypothetical oxygen atom and two hydrogen atoms. These particles are linked to one another 0932-0784 / 91 / 0300-233 S 01.30/0. -Please order a reprint rather than making your own copy. Any two water molecules in the system interact through a 12-6 Lennard-Jones force centered on the oxygen atom of each molecule. There are nine Coulomb forces, which are modified by the reaction field geometry with conducting boundary conditions [36] , The pairwise intermolecular potential is thus where the subscripts / and k represent O or H; q de notes the appropriate point charge; riljk is the distance between particle I of the ith molecule and particle k of the ;th molecule; and rc = 9.863 Ä defines the cutoff radius beyond which all intermolecular interactions are truncated to zero. In accordance with the conduct ing boundary condition, the frequency-independent dielectric constant of the background continuum erf is chosen to be infinity. This is acceptable for moder ately to highly polar substances such as water [36] . In an SPC-FP water molecule the oxygen atom carries a negative charge and the hydrogen atoms carry posi tive charges, the magnitudes being chosen so as to reproduce a dipole moment of 1.83 Debye. This is the experimental value measured for the water molecule in the vapor phase [37] , These charges are fixed in position. To emulate the molecular polarization, the magnitudes of these point charges are allowed to vary according to the instantaneous local electric field and the relative orientation of the water molecule. Al though more approximate, this is a considerably sim pler and computationally more tractable approach than other recent polarization algorithms [38] [39] [40] , It thus allows a statistically meaningful study of locally perturbed water, which may comprise only a small part of the total ensemble. The effective polarizability 1.271 Ä3. which is somewhat lower than the free-molecule value [41] Most of the computer simulation studies reported so far for the alkali halides have been based upon the set of semi-empirical effective pair potentials obtained by Tosi and Fumi [42] , Here, for simplicity, we neglect the less important dispersion terms and write the ion pair potential in the Born-Mayer form [43] C/L1F = C e -" --,
r where r denotes the ion-ion distance, and e represents the electron charge. The values of the parameters C and ß are estimated from the equilibrium bond length of 1.55 Ä and the ionization energy of 7.826 eV in the vapor phase [44] . Polarization effects of the closedshell ions are not taken into account in the present work.
Equation (2) is also valid for describing the poten tial energy of ions belonging to different salt mole cules. Unlike most earlier calculations, these ions interact individually with every atom in the water molecule. In this way, the angular dependence of the interaction is more explicitly considered. These inter actions include the 12-6 Lennard-Jones force as well as electrostatic forces. Individual atom-ion interac tions can therefore be expressed as A double time scale (0.25 fs for intramolecular degrees of freedom and 0.5 fs for intermolecular motions) is employed for better accuracy in the inte gration of the equations of motion. After the system equilibrates, 1.44 x 105 additional time steps are carried out to collect data. This long run is divided into 15 pieces, each of which lasts 2.4 ps and is assumed to represent an individual measure. Standard deviations of these measurements are used to determine the statistical errors [45],
Solvation Structure
The derivation of various radial distribution func tions (RDF) from a computer simulation provides a partial description of the structure of an aqueous electrolyte solution. In Figs. 1 -4 , we plot the lithiumoxygen, the lithium-hydrogen, the fluorine-oxygen, and the fluorine-hydrogen RDFs, together with running integration numbers [11, 19] and the corresponding error bars. Because of the relatively short internuclear distances between the anion and the cation, some hy dration shells overlap with one another. Fhis causes an ambiguity in the determination of the coordination numbers. Partial screening, caused by the presence of an oppositely charged ion in an ionic shell, may signif icantly reduce the solvation structure. In particular, the first peaks of the RDFs become less pronounced than those where an isolated ion is present [3] . Fhe first minima become congested when more than one 2 3 4 D i s t a n c e ion is involved in the local hydration structure. Ac cordingly, the plateaus in the running integration numbers tend to disappear and the boundaries be tween the first and second hydration shells become less well defined. These phenomena can also be ob served by increasing the ion size [19] or by increasing the salt concentration [24], Tanaka et al. [24] have shown that the cation enters the hydration shell of the anion as a consequence of ion pair formation. Some of the oxygen atoms in the first hydration shell of the lithium ion then simultaneously belong to the anionic shell. This results in an increase of the average anionoxygen distance compared with the undisturbed case. The curves in Figs. 1 -4 do not agree with the results obtained from Monte Carlo calculations [9] , where the hydration structure appears much stronger.
Even though the SPC-FP model for pure water underestimates the bulk liquid structure [32] , it can provide insight about the difference between the Monte Carlo and the present MD results. Fhe dis crepancy is probably caused by the polarization effect present in the SPC-FP model. Fhis tends to destroy the normal hydrogen bonds of neighboring water molecules when the liquid is perturbed by added ionic solutes. One of the characteristics of the resulting many-body interactions is that a local breakdown of hydrogen bonding structure may cause a further breakage of neighboring hydrogen bonds [46] . Illustrated in Figs. 5-7 are ion-ion RDFs. All of these show a strong structure. A very sharp peak in gLl+F~(r) around 1.68 Ä, which is slightly larger than the gas phase equilibrium bond length of 1.55 Ä, indi cates a predominance of ion pairs in the salt solution. A fluorine ion replaces a water molecule in the first hydration shell of Li + . It can be estimated from the first minimum of gLi + F (r) and from the running inte gration number plotted in the same figure that on average each ion is in contact with around 0.94 counterions. The first peaks in </Li + Li + (r) and gF-F~(r) are seen to be positioned slightly above 3 Ä. This is within the molecular size of a water molecule and must there fore correspond to a configuration where two Li+ or two F~ are coordinated to the same water molecule. These peaks almost coincide with the second peak of the Li+-F " RDF. In conclusion, neither cations nor anions in the 1.791 molal solution are uniformly dis tributed in the solution. Rather, their concentrations tend to bunch up because of the strong mutual inter actions caused by the small ionic size. Fhis is probably the main reason for the low solubility of LiF in water. 
Geometry and Orientation of Water Molecules
The use of a flexible model permits the investigation of the influence of the ions on the geometry and vibra tional characteristics of water molecules. Table 2 indi cates an increase in the average O -H bond length, showing that the interaction between these ions and water is generally stronger than water-water interac tions. There is no significant change in the H -O -H bond angle. Heinzinger [19] has pointed out that the repulsive forces exerted by a positive ion on the hydro gens, and the attractive ones of the oxygens, tend to decrease the bond angles of the hydration water molecules in the cationic shell. This role, however, is greatly diminished in a concentrated solution, such as the one studied here, by the existence of an anion in the same shell. Figure 8 depicts cos 9 distributions, considering the first hydration shells of cation and anion. Here, 9 is defined as the angle between the dipole moment direc tion of a water molecule and the vector pointing from the oxygen atom toward the center of the ion. For Li + the distribution shows a peak around cos 9= -0.7, corresponding to the orientation of a water lone pair towards the cation. On the other hand, preference for the formation of linear hydrogen bonds with the neg ative ion, observed in aqueous electrolyte solutions where contact ion pairs are scarce [19] , practically disappears in the system studied here and gives rise to a strong tendency towards a uniform distribution of cos 9. Keep in mind that the hydration shell of F~ contains almost the entire shell of Li + . A small peak located at cos 0= 1 indicates the possible formation of bifurcated hydrogen bonds with the anion. Figure 9 illustrates the average value of cos 9 as a function of the distance of the oxygen atom to the lithium and fluorine ions. It is clear that the water molecules in the first hydration shell of Li+ have a preference for occupying tetrahedral sites. Beyond this region, the preferential orientation of the water mole cules decreases rapidly and drops to nil at the first O r i e n t a t i o n Fig. 8 . Orientational (cos 0) distribution of the water mole cules. Asterisks: in the first hydration shell of Li+; circles: in the first hydration shell of F~.
D is ta n c e Fig. 9 . Average cos 0 as a function of the distance (in Ä) between ion and oxygen atom. Asterisks for Li+, and circles for F". minimum of the Li+-0 RDF. A second region of preferential water orientation is evident. This corre sponds to the second, widely spread, peak of gLi+0(r). From Fig. 9 one can see too that, even in the vicinity of a halide ion, linear hydrogen bonding to water may not be preferred if the halide ion is in close contact with an alkali ion. Perturbations from the latter be come very significant.
Static Properties
Some thermodynamic and static dielectric proper ties of the solution are summarized in Table 3 . For comparison, values, when available, of the corre- , from which equilibrium fluc tuations of the total dipole moment of the sample can be assessed, is lowered by ~20%. Accordingly, the average dipole moment per molecule is raised from 2.44 Debye to 2.57 Debye, and the solution, as evi denced from its internal energy, is about 60% more stable than pure water liquid. In a salt solution, the internal energy is comprised of water-water interac tions, ion-water interactions and ion-ion interactions. For reference, the values of these components are con tained in Table 3 a. Fhe average water-water interac tion in the ionic solution is weaker than that in pure water because of the occupied space taken up by the ions.
T im e Impey et al. [3] have shown that the velocity auto correlation function for Li+ has the appearance of a damped oscillation characterized by a single frequency. This feature also exists for the present system as de picted in Figure 10 . However, the oscillatory fre quency is even higher and the damping even more rapid than in [3] . Fhis is attributed to the participation of the halide ion for which the velocity autocorrelation function oscillates with the same frequency. It is natural to ascribe this high frequency motion to the rattling of the ion pair in a cage of solvent molecules. Of course, perturbations from the ions in nearby salt molecules may also influence this motion. Also displayed in Fig. 10 is the velocity autocorrelation function of the 248 solvent molecules, which does not show a high fre- quency oscillation. The long negative tail indicates that the motion of the coordination shell is strongly hindered. The shape of this function must certainly be affected by the oscillatory motion of the ion pairs. Figure 11 compares the orientational autocorrela tion functions of the dipole of the water molecules in the ionic solution and in the pure liquid. The shape of this function provides evidence that the general break age of hydrogen bonds causes a faster molecular orientational relaxation. This is in agreement with the experimental results of Hertz et al. [47] , who have found that the water molecules in the first hydration shell of Li+ rotate faster compared with the other water molecules. A similar speed-up of the dielectric relaxation caused by the ionic impurities can be ob served in Figure 12 .
Dynamical Motions
Information on the intramolecular vibrational mo tions of hydration water can be obtained through Fourier transformation of the normalized velocity autocorrelation functions of the hydrogen atoms [48] . Table 4 presents the wave number shifts in the H -O -H bending and O -H stretching vibrations from the simulation results for the ionic solution and for pure water [32] , While the frequency change in the bending motion is found to be only 10cm "1, which is well within the limits of the computational error, a large red shift of the O -H stretching frequencies is ob served. This effect has also been observed by other authors in very highly concentrated solutions, espe cially in solutions containing divalent cations [18, 23] , This observation indicates a strong influence of the ion pair on the intramolecular vibrations of the water molecules. The frequency splitting between the sym metric and asymmetric modes is seen to be insensitive to the addition of ions to water. This result again is in agreement with the conclusions of Bopp [23] .
Concluding Remarks
In order to study the structure and properties of a 1.791 molal aqueous LiF solution, we have carried out a molecular dynamics computer simulation, using a flexible and polarizable water model. In such a con centrated solution, part of the hydration shell of a Li+ ion belongs to the hydration shell of F". This phe nomenon, in conjunction with the polarization effect, which tends to break chain-like hydrogen bonds, greatly reduces the hydration structure. On the aver age, the ion-water distances are larger than those for dilute systems. It is found that the lone pair of the hydration water in the cationic shell has a preference to occupy tetrahedral sites, while the orientation of the water molecules in the anionic shell is quite uni formly distributed. These water molecules form a cage around the ion pair so that the velocity autocorrela tion functions for Li+ and F" oscillate with the same frequency. Because of the general breakage of hydro gen bonds in the aqueous solution, the orientational relaxation of the molecular dipole is faster than that in bulk water. A similar behavior can be observed in the correlation functions of the molecular dipole moment and the collective dipole moment. With the aid of the flexible model, we were also able to investigate intra molecular vibrational motions. A red shift in the O -H stretching modes, accompanied by an elongation of the corresponding bonds, occurs in the ionic solution.
